A basic 9-kD protein was purified from seeds of radish (Raphanus sativus L.). The 43 amino-terminal amino acids show extensive sequence identity with nonspecific lipid transfer proteins from other plant species. The radish seed nonspecific lipid transfer protein-like protein inhibits the growth of several fungi in vitro.
Plant seeds contain many proteins that may be involved in the protection of the dormant seeds and the developing young seedlings against microbial infection. Among these proteins are glycosidases (13, 16) , thionins (10) , permatins (22) , and ribosome-inactivating proteins (16) , all of which exert antifungal activity in vitro (4) .
In a previous report (21), we described two novel classes of antifungal proteins isolated from radish (Raphanus sativus L.) seeds: the storage 2S albumins and two proteins, Rs-AFP1 and Rs-AFP2, that are related to y-type thionins (14) and pea pod proteins induced upon fungal attack (8) . A protein that copurified with Rs-AFP2 upon cation exchange chromatography could be separated from the latter by reversed-phase chromatography. This protein was found to exert antifungal activity on Fusarium culmorum in a low ionic strength medium but not in a medium containing 1 mm CaCl2 and 50 mm KCl (21) . We have now further analyzed the antifungal properties of this protein in vitro. Protein sequencing shows that it belongs to the class of ns-LTPs2.
MATERIALS AND METHODS

Microorganisms
Filamentous fungi were grown on six-cereal agar (6) , and spores were harvested as previously described (6) . umn (Q-Sepharose Fast Flow; Pharmacia) equilibrated at pH 9. The unbound proteins, representing the basic heat-stable protein fraction, were subsequently separated on a cationexchange column (S-Sepharose High Performance; Pharmacia) at pH 6 as described previously (21) . The second desorbed peak (eluting at 180 mm NaCl) was finally loaded on a reversed-phase column (C2/C18 15-,um porous silica 25 X 0.93 cm; Pharmacia) and separated into two components by applying a linear gradient from 0 to 40% acetonitrile in 0.1% TFA. The first peak elutes at 30% acetonitrile and consists of Rs-AFP2 (21) , and the second peak eluting at 33% acetonitrile represents the ns-LTP-like protein of R sativus seeds. Protein fractions were vacuum dried to remove the solvents.
Analytical Methods
Protein determination was performed using the bicinchoninic acid assay (17) . Amino-terminal amino acid sequence analysis was done by automated Edman degradation in a 477A Protein Sequenator (Applied Biosystems Inc., Foster City, CA) with on-line detection of phenylthiohydanthoin derivatives in a 120-A PTH Analyzer (Applied Biosystems). Before amino acid sequence analysis, cysteine residues were modified by S-carboxyamido-methylation as previously described (21) .
RESULTS
The first 43 amino acids of the purified protein (see 'Materials and Methods') were determined by automated Edman degradation (Fig. 1A) . By comparing this NH2-terminal region with sequences in the SwissProt databank (release 18), we found homology with ns-LTPs (consisting of 91-94 amino acids) from different plant sources (Fig. 1B) .
SDS-PAGE analysis of the radish ns-LTP-like protein is shown in Figure 2 . The reduced ns-LTP-like protein appears as a 9-kD band. However, in its unreduced state, the ns-LTPlike protein migrates with an apparent molecular mass of 18 kD, suggesting that it is composed of two 9-kD subunits. All basic plant ns-LTPs characterized to date have 9-to 10-kD polypeptides (1) and, at least for the ns-LTP purified from maize seedlings, a dimeric structure was reported (9) . At higher concentrations, aggregation of this type of proteins was also observed (12) . An isoelectric point higher than 10.5 was deduced after isoelectric focusing of the radish ns-LTPlike protein (results not shown). Using a microspectrophotometric antifungal assay (6), we assessed the inhibitory effect of the ns-LTP-like protein on the growth of 12 phytopathogenic fungi. Because the activity of many antimicrobial proteins is sensitive to the presence of cations (6, 7, 21) , the IC50 was determined in a low ionic strength synthetic fungal growth medium (7) and in the same medium supplemented with 1 mm CaCl2 and 50 mm KC1* With the latter medium, physiological ionic strength conditions are approximated. The results of these tests are summarized in Table I , which, for comparative purposes, also includes the IC50 values of the radish seed 2S albumins and of Rs-AFP2 (21) . In the low ionic strength medium, IC50 values ranging from 7 to 100 ,ug/mL were obtained for the radish ns-LTP-like protein. In the medium supplemented with 1 mm CaCl2 and 50 mm KCl, five of the 12 tested fungi were not affected at concentrations below 1 mg/mL, whereas the other seven fungi were inhibited at IC50 values ranging from 135 to 900 ,ug/mL. This places the antifungal potency of the radish ns-LTP-like protein in between that of the 2S albumins and of Rs-AFP2. Figure 3 shows how the antifungal activity of the radish ns-LTP-like protein is affected by different concentrations of CaCl2 (0, 1, and 5 mM). It is clear that all antifungal activity is abolished when 5 mm CaCl2 is added to the synthetic low ionic strength medium. In the presence of 1 mm CaCl2, the activity is reduced 3-fold. 
TERRAS ET AL.ANTIFUNGAL LIPID TRANSFER PROTEIN
To test whether the ns-LTP-like protein influences spore germination, B. cinerea spores were germinated in the low ionic strength synthetic fungal growth medium in either the presence or absence of the protein at 50 ,ug/mL. However, no differences in germination percentages were observed, although the protein-treated germlings had much shorter hyphae relative to the controls (results not shown).
DISCUSSION
A highly basic protein (isoelectric point higher than 10.5) was purified to homogeneity from radish (R. sativus L.) seeds. In its unreduced form, it exists as a dimer of a 9-kD protomer. These characteristics together with the protein sequence data suggest that the isolated protein is a true ns-LTP. Indeed, the 43 determined NH2-terminal amino acids are 57 to 70% homologous (or 38-53% identical) to the NH2-terminal regions of five known plant ns-LTPs.
ns-LTPs are capable of translocating phospholipids and other apolar compounds between two different phospholipid membranes (1, 23) . It has, therefore, often been speculated that ns-LTPs play a role in the biogenesis and/or maintenance of intracellular membranes (1, 23) . However, this putative function was recently questioned because of the fact that the mature protein is derived from a precursor molecule containing a signal peptide, thus suggesting an extracellular localization of the ns-LTPs (2, 3, 18, 20) .
Thorough analysis of the expression pattern of the ns-LTP gene of carrot revealed that the biosynthesis of the corresponding protein is confined to the epidermal layers of young tissues and organs only (18) . Based on the time-and cellspecific expression of the carrot ns-LTP, Sterk et al. (18) suggested the involvement of the ns-LTP in the formation of the cutin layer. This hypothesis is also compatible with the extracellular localization of carrot ns-LTP, as determined by immunochemistry. The a-amylase inhibitor protein I-2 isolated from Indian finger millet, which is also an ns-LTP-like protein, inhibits enzymic activities of several animal a-amylases (2) . As in the case of the barley ns-LTP, previously known as a probable amylase/protease inhibitor (5), the radish ns-LTP does not have inhibitory activity against a-amylases from porcine pancreas or Bacillus species or against chymotrypsin (F.R.G. Terras, unpublished results). Instead, we were able to attribute antifungal activity to this protein. Until now, antifungal activity of any of the known plant ns-LTPs has not been described. The inhibition seems to be the result of the restriction of hyphal growth rather than of the prevention of germination. The in vivo level of the ns-LTP-like protein in radish seeds can presently only be assessed in an indirect way. The amount of the radish ns-LTP-like protein that can be purified by our isolation procedure approximates 100 ,ug/ (Table I) . If we consider all the data, a model in which ns-LTPs play a role in defense (at least against fungi) can be proposed.
This type of protein could confer to defense in two ways: indirectly by its involvement in the formation of a mechanical cutin barrier and directly by its intrinsic antifungal activity following deposition of the transported cutin monomers. The putative role of seed ns-LTPs in protection of seeds or seedlings against microbial attack is consistent with the observation that barley ns-LTP is synthesized de novo in the aleurone cells at the onset of water uptake by the seeds and is secreted from the aleurone layer into the incubation medium (15) .
